Toxoplasma gondii, with the ability to use foodborne, zoonotic, and congenital routes of transmission, 20 is an apicomplexan parasite that can cause severe infectious disease in the immunocompromised human 21 population. The parasites harbor a lysosome-like digestive vacuole, termed Vacuolar Compartment/Plant-
Introduction

60
Toxoplasma gondii, a protozoan pathogen, uses its polypeptide invasion factors to efficiently invade post-infection. At 30 min post-infection, the ∆crt mutant showed ~50% reduction in invasion compared to granule protein. The secretion of TgMIC2, TgM2AP, and TgMIC5 were reduced by ~80%, 35%, and 40%, 249 respectively, in the induced ESAs of ∆crt parasites, compared to the WT strain. The differences in the 250 amount of microneme secretion were less significant in the constitutive ESAs. Only TgMIC2 secretion was 251 decreased by ~55% in ∆crt parasites compared to the WT strain, while TgM2AP and TgMIC5 did not show 252 differences (Fig 3B) . To examine whether the abnormal secretion of micronemal proteins alters their 253 intracellular trafficking patterns, following pulse invasion and replication, we stained parasites with TgMIC2 254 and TgM2AP antibodies. Both microneme proteins trafficked to the apical end of the parasites and showed 255 normal staining patterns (Fig 3C) .
256
Before secretion, some membrane-anchored micronemal proteins are released via proteolytic 257 cleavage by intramembrane rhomboid proteases, such as TgROM4. The deletion of TgROM4 leads to the 258 retention of some micronemal proteins on the parasite's plasma membrane, such as TgMIC2 and TgAMA1 259 (Toxoplasma apical membrane antigen 1) [6] [7] [8] [9] . To test whether the aberrant endolysosomal system alters 260 the retention of micronemal proteins on the surface of parasites, we stained purified, non-permeabilized, 261 extracellular parasites with anti-TgMIC2 antibody. Immunofluorescence microscopy did not reveal excess 262 TgMIC2 on the plasma membrane of ∆crt parasites (Fig S1) , suggesting that the reduced secretion of 263 micronemal proteins is not due to inefficient intramembrane cleavage of micronemal proteins on the 264 parasite's plasma membrane.
265
The endosome-like compartment is involved not only in the trafficking of micronemal proteins, but also 266 rhoptry contents [24] . We stained newly invaded and replicated parasites with anti-TgROP7 antibodies to 267 examine the trafficking of rhoptry proteins and the morphology of the rhoptry. The TgROP7 staining 268 revealed typical rhoptry patterns located at the apical end of the parasites (Fig 3D) , excluding the possibility 269 of aberrant trafficking of rhoptry contents and possible defects in the biogenesis of the rhoptry. Taken 270 together, our data suggest that the invasion defects in ∆crt parasites are caused by the inefficient secretion 271 and defective trimming of micronemal proteins, while the abnormal morphology of the VAC does not affect 272 the morphology of the rhoptry and the intracellular maturation, trafficking, and intramembrane cleavage of 273 micronemal proteins. 12 The inefficient proteolytic processing of TgMIC2 and TgM2AP in the ESAs led us to investigate the 276 abundance of Toxoplasma subtilisin 1 (TgSUB1) in the ∆crt parasites. A previous publication reported that 277 parasites lacking TgSUB1 showed defective trimming patterns of secreted micronemal proteins, such as 278 TgMIC2 and TgM2AP [3] , which are very similar to the secretion patterns seen in the ∆crt mutant. Therefore,
279
we quantified the abundance of secreted TgSUB1 in both constitutive and induced ESAs by probing them 280 with anti-PfSUB1 antibody, which was generated against Plasmodium SUB1 proteins but cross-reacts with 281 TgSUB1 [25] . Immunoblotting analysis revealed that there was no detectable TgSUB1 in the ESAs of ∆crt 282 parasites ( Fig 4A) . Non-permeabilized, extracellular parasites were also stained with anti-PfSUB1 to 283 evaluate the amount of surface-anchored TgSUB1. Similarly, there was no detectable TgSUB1 staining 284 on the plasma membrane of ∆crt parasites (Fig 4B) . These data suggest that TgSUB1 is not efficiently 285 delivered to the surface of parasites in the ∆crt mutant.
286
TgSUB1 is a micronemal protein. It passes through the parasite's endolysosomal system and becomes 287 activated during trafficking [3, 12] . The aberrant endolysosomal system in ∆crt parasites could potentially 288 alter the intracellular trafficking of TgSUB1 to prevent its delivery to the microneme. In addition, the 289 aberrant endolysosomal system could alter the maturation process of TgSUB1 and reduce its expression.
290
To test both possibilities, first, following pulse invasion or replication, we stained parasites with anti-PfSUB1 291 antibodies to examine the intracellular trafficking pattern of TgSUB1. TgMIC5 was also stained as a 292 reference for typical microneme staining. Interestingly, we observed much less TgSUB1 staining in ∆crt 293 parasites compared to the WT strain ( Fig 4C) . Next, we quantified the steady protein abundance of 294 TgSUB1 in the cell lysates of parasites by immunoblotting, and found that the total abundance of TgSUB1 295 was decreased by approximately 90% in ∆crt parasites compared to WT parasites ( Fig 4D) . To further 296 understand how TgSUB1 expression was suppressed in the ∆crt mutant, we performed qPCR to measure 297 the messenger RNA levels of TgSUB1 in WT, ∆crt, and ∆crtCRT parasites. Not only was there a reduction 298 of protein expression in ∆crt parasites, but the transcripts of TgSUB1 were also reduced ~10-fold in 299 Toxoplasma parasites lacking TgCRT (Fig 4E) . Collectively, our findings suggest that the arrested co-300 localization of the VAC and ELC dramatically decreases the abundance of TgSUB1 protein, which further alters the proteolytic processing of micronemal proteins on the surface of parasites during secretion to 302 ultimately reduce invasion efficiency. 
305
The swollen VAC, and its aberrant co-localization with the ELC in ∆crt parasites, could result in the 306 global alteration of gene transcription in order to help the parasites adapt to the sub-optimal 307 microenvironment within their endolysosomal system. We conducted transcriptome sequencing to detect 308 global alteration of gene transcription in WT and ∆crt parasites. The differential gene expression analysis 309 identified 102 genes whose transcript levels changed greater than 1.5-fold in the ∆crt strain. Forty-six and 310 fifty-six genes had increased and reduced transcripts, respectively ( Fig 5A and Table S1 ).
311
Four proteases were among the list of genes showing reduced transcripts in the ∆crt mutant, including 312 one putative aminopeptidase N protein (TgAMN, TGGT1_221310), one putative Pro-Xaa serine 313 carboxypeptidase (TgSCP, TGGT1_254010), aspartyl protease 1 (TgASP1, TGGT1_201840), and an ICE 314 family protease-like protein (TgICEL, TGGT1_243298). We validated the transcript levels of these 315 proteases in WT, ∆crt, and ∆crtCRT strains by quantitative PCR (qPCR), and also quantified the transcript 316 levels of two known VAC luminal proteases, TgCPL and TgCPB. The qPCR analysis showed that the 317 transcript levels of TgAMN, TgSCP, TgASP1, and TgCPB were decreased by 50%, 20%, 47%, and 14%, 318 respectively, in ∆crt parasites ( Fig 5B) . The protein levels of TgCPL and TgCPB were quantified and 319 compared in WT, ∆crt, and ∆crtCRT parasites by immunoblotting analysis. Although the transcript level of 320 TgCPL did not show any difference between the WT and ∆crt strains, the protein abundance of TgCPL 321 decreased by ~25% in the ∆crt mutant ( Fig 5C) . The expression level of TgCPB protease was reduced 322 significantly in ∆crt parasites. Both the pro-and mature forms of TgCPB in the ∆crt mutant showed reduced 323 abundance compared to WT parasites. The level of mature TgCPB was quantified by densitometry and 324 was found to decrease by ~60% in the TgCRT-null mutant ( Fig 5C) .
325
To determine the subcellular locations of these down-regulated putative proteases, we endogenously 326 tagged TgAMN and TgSCP with 3xHA and 3xmyc epitope tags at their C-termini, respectively, in WT observed molecular weights of both proteins were similar to the predicted sizes based on their primary Immunofluorescence microscopy revealed the subcellular locations of both TgSCP and TgAMN to be in 333 the VAC/ELC (Fig 5D) . The subcellular location of TgASP1 has been determined in a separate study. By 334 probing WT parasites with polyclonal anti-TgASP1 (recently made in our lab) and anti-TgCPL antibodies,
335
we identified TgASP1 as a new VAC-localizing protease (data not shown since this work is being prepared 336 for another publication). Collectively, our data suggest that the swollen VAC in ∆crt parasites causes 337 reduced expression of several endolysosomal proteases at both the transcription and translation levels.
338
Reduced proteolytic activities within the VAC could decrease the production of degraded protein products, 
343
Since the parasites lacking TgCRT reduced proteolytic activities within the VAC in order to decrease 344 the production of small solutes, it is expected that the inhibition of proteolysis in the swollen VAC would 345 reduce its size. We tested this hypothesis by chemically and genetically suppressing the proteolysis of the 346 VAC. First, we treated WT, ∆crt, and ∆crtCRT parasites with 1 µM LHVS, an irreversible inhibitor of the 347 TgCPL protease [19] , or with the vehicle control DMSO. TgCPL is a major endopeptidase and is involved 348 in the maturation of micronemal proteins and digestion of host proteins [4, 11] . Infected host cells were 349 incubated with LHVS for 48 hrs to allow full inhibition of the TgCPL protease in the parasites. Treated 350 parasites were liberated from host cells and used to infect new host cells for 30 minutes, followed by TgCPL 351 staining to quantify the size of the VAC. As expected, the LHVS-treated ∆crt parasites displayed smaller
352
VACs than DMSO-treated ∆crt parasites ( Fig 6A) . The cathepsin B-like protease (TgCPB) is another greater extent than TgCPL. We genetically deleted TgCPB in ∆crt parasites using a CRISPR-Cas9 editing tool to generate a ∆crt∆cpb double knockout ( Fig 6B) . The replacement of TgCPB with a pyrimethamine TgSUB1 in ∆crt parasites and ESAs. As expected, the protein level of TgSUB1 was decreased on the 410 surface of ∆crt parasites and in the medium during secretion. Interestingly, the steady state protein 411 abundance of TgSUB1 was also significantly decreased in the ∆crt mutant. Surprisingly, we found that the 412 reduction of TgSUB1 was due to a decrease in the transcription levels of TgSUB1 in the ∆crt strain, 413 suggesting that the parasites may utilize a feedback mechanism in order to regulate TgSUB1 expression 414 at the transcriptional stage.
415
TgSUB1 is a micronemal protein which is anchored on the surface of Toxoplasma parasites via a GPI 416 anchor. It remains unclear how TgSUB1 becomes activated within Toxoplasma parasites. Previous pulse-
417
chase experiments have revealed that TgSUB1 undergoes maturation in a post-ER compartment, and 418 passes through the endolysosomal system before its arrival at the microneme and subsequent secretion 419 [12] . The propeptide region of TgSUB1 carries targeting information which helps to guide the protein to the 420 microneme [26] . The propeptide may also function by binding to active sites of mature TgSUB1 to inhibit 421 its proteolytic activity during trafficking. Co-localization of the VAC and ELC could bring propeptide-bound 422 TgSUB1 to a protease-abundant environment, where non-specific digestion of the propeptide could then 423 lead to increased digestive activities in the VAC and ultimately result in an increase in the osmotic pressure 424 within the hybrid VAC/ELC organelle (Fig 7) . During this scenario, the parasites may utilize a feedback 425 mechanism to repress the expression of TgSUB1 in order to alleviate the osmotic pressure and avoid 426 further swelling. Moreover, we also discovered that the ∆crt parasites had reduced protein and/or transcript 427 levels of several endolysosomal proteases, including two known VAC proteases, TgCPL and TgCPB.
428
Therefore, the parasites down-regulate a number of endolysosomal proteases to suppress proteolytic 429 activities in the swollen VAC in order to reduce osmotic pressure within the lumen, thereby controlling VAC 430 size and morphology. Among these proteases, TgSUB1 has been shown to be involved in parasite 431 invasion and virulence defects but not replication and egress [3] . Additionally, TgCPL plays a role in 432 parasite invasion by maturating several micronemal proteins [4] . Therefore, the invasion defects exhibited 433 in the ∆crt mutant could be due to a multitude of factors.
434
The alteration of transcript levels of endolysosomal proteases in ∆crt parasites suggests that the of the VAC size. RNA-Seq analysis did not reveal any members of an AP2-family of transcription factors in the transcriptional changes between the WT and ∆crt strains. In mammalian cells, the transcription factor 440 EB (TFEB) is a master regulator that drives gene expression for autophagy and lysosome biogenesis [27] .
441
The ortholog search against the annotated coding sequences of Toxoplasma did not result in the 442 corresponding counterparts, suggesting that the parasites could adopt an alternative strategy to regulate 443 lysosomal gene expression. Interestingly, our differential gene expression analysis identified that the 444 transcript levels of two zinc finger (CCCH) type motif-containing proteins, TGGT1_246200 and 445 TGGT1_226310, were increased and decreased by 2-fold and 3-fold, respectively, in the ∆crt mutant. The
446
CCCH type zinc finger motif-containing protein is known to regulate the stability of mRNA [28] . For example, 447 tristetraprolin inhibits the production of tumor necrosis factor-α in macrophages by destabilizing its mRNA 448 via an interaction with its AU-rich elements at the 3'-untranslated region [29] . Further investigation to 449 identify transcription factor(s) and regulator(s) that govern the expression of lysosomal genes will help 450 elucidate how Toxoplasma parasites regulate the biogenesis of the VAC.
451
In this study, we determined that the TgCRT-deficient parasites have reduced expression of several 452 endolysosomal proteases. We also found that the suppression of proteolytic activities within the swollen 453 VAC decreases its size. These findings support the idea that CRT functions as an amino acid/peptide 454 transporter to regulate the osmotic pressure inside the digestive vacuole. When TgCRT is absent on the 455 membrane of the VAC, decomposed protein products accumulate within the VAC and increase the osmotic 456 pressure, thereby leading to the swollen phenotype. Chemical inhibition of proteolysis via the small inhibitor 457 LHVS dramatically reduces the size of the VAC. LHVS principally targets TgCPL in the parasites, but also 458 binds to TgCPB protease [14] . Additionally, the maturation of TgCPB is dependent upon the presence of 459 TgCPL [14] . Therefore, the treatment of LHVS blocks both of these VAC proteases. Since the TgCPB 460 protease exhibits endo-and exo-peptidase activities and the deletion of TgCPB had no effect on the active role in contributing to proteolysis within the VAC in Toxoplasma parasites.
that the parasites may utilize other strategies to control the size of the VAC. For example, the transcript 467 levels of a water channel protein, aquaporin (TGGT1_215450), was reduced in ∆crt parasites. A previous 468 study has reported that this aquaporin protein is localized in the VAC/PLV [30] . Therefore, the ∆crt 469 parasites may express less aquaporin to reduce water intake into the VAC/PLV as a tactic to limit the 470 swelling of the organelle. We also found that two putative protein phosphatase 2C orthologs 471 (TGGT1_276920 and TGGT1_201520) became down-regulated in the ∆crt mutant. Both of these proteins 472 carry signal peptides, indicating that they traffic through the parasite's endosomal system. Based on a 473 sequence-based ortholog search, TGGT1_276920 and TGGT1_201520 are homologous to PTC3 and 474 PTC1 in Saccharomyces cerevisiae, respectively. Interestingly, both PTC1 and PTC3 proteins are involved 475 in the regulation of osmosensing in yeast. A mitogen-activated protein kinase pathway is activated when 476 yeast cells experience hyperosmotic conditions. PTC1 and PTC3 were shown to negatively regulate this 477 pathway [31, 32] . Furthermore, PTC1 was found to control the function and morphology of the vacuole in 478 yeast cells, which further alters its biogenesis [33] . The dramatic change in the volume of the VAC could 479 induce osmotic stress in the ∆crt parasites. The parasites may utilize a similar mechanism to suppress 480 both of these protein phosphatases, thereby enhancing the activity of a similar signaling pathway to help 481 them adapt to such stress.
482
The phenotype of the swollen VAC in the ∆crt strain mirrors the enlarged digestive vacuole in 483 chloroquine (CQ) resistant malaria strains [34] . Thus far, the CRT gene could not be deleted in malaria 484 parasites. Peptidomics analysis showed that hemoglobin cannot be efficiently degraded within the 485 digestive vacuole in CQ resistant malaria parasites [35] , suggesting that the mutations in malarial CRT 486 may alter the physiological conditions within the swollen digestive vacuole, thereby also compromising its 487 proteolytic activities. An in vitro assay utilizing recombinant malarial CRT proteins that were reconstituted 488 in proteoliposomes revealed that PfCRT acts as a proton gradient dependent, poly-specific nutrient also demonstrated that the PfCRTs derived from the CQ resistant malaria strains displayed less efficient
Immunofluorescence assay
589
To perform immunofluorescence of intracellular parasites, freshly lysed parasites were used to infect 590 confluent HFF cells pre-seeded in an 8-well chamber slide for 1 hr (pulse invasion) or 18-24 hrs 591 (replication). The extracellular parasites were glued onto chamber slides by using 0.1% (w/v) poly-L-lysine 592 before staining. Immunofluorescence staining was performed as described previously [11, 14] . Images Scale bar = 5 µm. F) The swollen subcellular structure indicated by the arrowhead was also observed in ∆crt parasites during pulse invasion and co-localized with a major luminal peptidase of the VAC, cathepsin L-like protease (TgCPL). The TgCPL staining was used to assess the morphology of the VAC. The parasites were allowed to invade host cells for 30 min before TgCPL antibody staining. The distance of the widest diagonal of the TgCPL staining was determined to be the diameter of the VAC and was measured using the Leica ® LAS X software. The measurements were conducted in three biological replicates.
Measurements from 50 individual parasites from one representative assay were shown. The mean VAC size ± SD was calculated for three independent measurements and is listed on the figure. Statistical significance was determined using unpaired Student's t-test. Scale bar = 2 µm. G) Parasites were costained with anti-TgCPL (the marker of the VAC) and anti-proM2AP or anti-TgVP1 (both are markers of the endosome-like compartment, ELC). During pulse invasion, the VAC and ELC staining were juxtaposed in the WT and ∆crtCRT strains, but aberrantly co-localized in the ∆crt strain. During replication, the VAC in WT and ∆crtCRT parasites became fragmented. However, the abnormal co-localization of the VAC and ELC significantly decreased the extent of VAC fragmentation in the ∆crt mutant. A major TgCPL punctum existed in the replicated ∆crt parasites, not in WT and ∆crtCRT strains, and co-localized with proTgM2AP and TgVP1 (indicated by arrows in the insets). The scale bars in the images of parasites at the stages of pulse invasion and replication are 2 µm and 5 µm, respectively. ****, p<0.0001; n.s., not significant.
Figure 2. Parasite invasion and acute virulence were reduced in the ∆crt parasites. A) WT, ∆crt, and
∆crtCRT parasites were allowed to invade host cells for 30, 60, and 120 min prior to fixation and antibody staining. Parasites and host cells within six fields of view were counted for each strain. At least three independent invasion assays were conducted for statistical analysis. The ∆crt parasites showed a ~50% reduction in invasion at 30 min post-infection. The extent of the invasion defect in the ∆crt mutant was gradually minimized overtime. At 60 min post-infection, there was approximately a 25% reduction in invasion in the ∆crt mutant, while there were no significant differences among the three strains at 120 min post-infection. The assay was performed at least in triplicate. Statistical significance was determined using unpaired Student's t-test. B) We infected confluent HFFs with WT, ∆crt, and ∆crtCRT parasites for 28 and 40 hrs before fixation and staining. Infected cells were stained with DAPI and anti-TgGRA7 antibodies in order to recognize individual parasites and parasitophorous vacuoles, respectively. One hundred parasitophorous vacuoles (PVs) were enumerated for the number of parasites they contained and the distribution of different sized PVs was plotted. The average number of parasites per PV was also calculated and listed above the plots. In addition, the growth rates of these strains were determined at 24, 48, and 72 hours by using a luminescence-based assay. Parasites were inoculated into a 96-well plate pre-seeded with HFFs prior to lysis and quantification of luminescence activities at pre-determined time intervals. At least three biological replicates were performed for the replication assay. Unpaired Student's t-test was performed to calculate the statistical significance of parasite growth between strains. C) To measure the egress of the parasites, 5 x 10 4 parasites were used to infect confluent HFFs in a 96-well plate for 24 hrs.
Replicated parasites were treated with 500 µM Zaprinast for 5 min at 37ºC and 5% CO2 to induce egress.
Disruption of host cell membranes due to parasite egress released lactate dehydrogenase into the medium, which was quantified and plotted. Unpaired Student's t-test was used to calculate the statistical significance.
There were no differences observed in parasite egress between WT and ∆crt parasites. D) The acute virulence of TgCRT-deficient parasites was evaluated in a murine model via subcutaneous and intravenous infections. One hundred parasites from each strain were used to infect outbred CD-1 mice (n=10 mice for each strain). The mortality of the mice was monitored for 30 days. Seroconversion of the surviving mice was evaluated by ELISA to confirm successful infection. Additionally, the surviving mice were allowed to rest for 10 days before subsequent challenge with 1,000 WT parasites by subcutaneous inoculation. The ∆crt mutant exhibited reduced acute virulence compared to the WT and ∆crtCRT strains and conferred immunological protection in the surviving mice. Data were recorded and are presented using the Kaplan-Meier plot. Statistical analysis was performed using the Log-rank (Mantel-Cox) test. For all statistical significance calculations, *, p<0.05; **, p<0.01; ****, p<0.0001; n.s, not significant. A) The steady levels of micronemal proteins were not altered in the ∆crt parasites. Freshly lysed parasites were filter-purified, lysed, and subjected to SDS-PAGE electrophoresis and immunoblotting. The blots were probed with anti-TgMIC2, TgM2AP, and TgMIC5 antibodies, along with anti-TgActin as the loading control. Individual micronemal proteins were normalized against the corresponding TgActin to quantify their steady state expression. B) ∆crt parasites secreted less micronemal proteins than WT and ∆crtCRT parasites, and altered the micronemal secretion patterns. Freshly filter-purified parasites were incubated in medium at 37ºC for 30 min to make constitutive ESAs or were treated with 1% (v/v) ethanol in medium to produce induced ESAs. The ESA fractions were separated and probed with anti-TgMIC2, TgM2AP, and TgMIC5 antibodies for quantification of the secreted forms of these micronemal proteins. The ESA fractions were also probed with anti-TgGRA7 antibody, a dense granule protein, as the loading control. Statistical significance was determined using unpaired Student's t-test. C) Following pulse invasion and replication, the parasites were stained with anti-TgMIC2 and anti-TgM2AP antibodies to examine their intracellular trafficking. No defects were detected in their intracellular trafficking. D) The parasites at the stages of pulse invasion and replication were also stained with anti-TgROP7 to examine the morphology of the rhoptry and intracellular trafficking of TgROP7. Similar morphology and trafficking patterns of the rhoptry were maintained among WT, ∆crt, and ∆crtCRT strains. The scale bars in the images of parasites during pulse invasion and at extracellular stage are 2 µm, and the scale bar in the images of replicated parasites is 5 µm. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; n.s., not significant. and TgMIC5 were both found to localize in the microneme in WT and ∆crtCRT parasites. However, TgSUB1 signal was not detected in the ∆crt parasites. D) The cell lysates of the ∆crt parasites showed that the steady level of TgSUB1 was reduced by ~90% in the ∆crt strain. E) The transcript levels of TgSUB1 were measured by quantitative PCR and were also decreased by approximately 90% in the ∆crt mutant.
All assays listed in this figure were repeated at least in triplicate. Statistical significance was calculated using unpaired Student's t-test: ***, p<0.001; ****, p<0.0001; n.s., not significant. in ∆crt∆cpb parasites was also confirmed by immunoblotting. C) The sizes of the VAC in WT, ∆crt, and ∆crt∆cpb parasites were determined by the methods mentioned above. The ∆crt∆cpb parasites displayed a partial reduction in the size of the VAC compared to WT parasites. D) Following pulse invasion, the parasites were fixed, stained with anti-TgCPL (VAC marker) and proTgM2AP (ELC marker), and enumerated under immunofluorescence microscope. The parasites showing partial overlapping between the VAC and ELC in WT, ∆crt, ∆crtCRT, and ∆crt∆cpb strains were quantified. At least 100 parasites were quantified for each replicate in a total of three replicates. The ∆crt∆cpb parasites showed a significantly lower percentage of parasites having arrested co-localization between the VAC and ELC compared to the ∆crt mutant. E) The lysates of WT, ∆crt, and ∆crt∆cpb parasites were probed with antibodies recognizing TgSUB1.The steady expression of TgSUB1 was restored in ∆crt∆cpb parasites. F) The constitutive and induced ESAs of WT, ∆crt, and ∆crt∆cpb strains were made and probed with the antibodies indicated in the figure. The secretion and trimming of micronemal proteins were also recovered in the ∆crt∆cpb mutant.
G) The invasion efficiencies of WT, ∆crt, and ∆crt∆cpb strains were determined using the procedures mentioned above. The ∆crt∆cpb parasites showed increased invasion efficiency compared to the ∆crt strain, albeit still a lower efficiency than that of WT parasites. Scale bar = 2 µm. Statistical significance was calculated using unpaired Student's t-test. *, p<0.05; ; **, p<0.01; ***, p<0.001; n.s., not significant. Ectopic expression of a C-termially epitope-tagged TgCRT in ∆crt for complementation ∆crt∆cpb RH∆ku80∆hxg∆crt∆cpb
The entire TgCPB gene was ablated by CRISPR-Cas9 based genome editing technique WT::nLuc RH∆ku80∆hxg::nLuc Expressed NanoLuc luciferase in WT parasites ∆crt::nLuc RH∆ku80∆hxg∆crt::nLuc Expressed NanoLuc luciferase in ∆crt parasites ∆crtCRT::nLuc RH∆ku80∆hxg∆crt::TgCRT-mCherry-3xmyc::nLuc Expressed NanoLuc luciferase in ∆crtCRT parasites TgAMN-3xHA RH∆ku80∆hxgTgAMN-3xHA TgAMN gene was endogenously tagged with a 3xHA epitope at its 3'-end by CRISPR-Cas9 based genome editing technique TgSCP-3xmyc RH∆ku80∆hxgTgSCP-3xmyc
TgSCP gene was endogenously tagged with a 3xmyc epitope at its 3'-end by single crossover recombination imaging. The ∆crt∆cpb parasites still showed an enlarged concave subcellular structure (indicated by the arrow), however their sizes were significantly smaller than those in the ∆crt mutant. Scale bar = 5 µm. S1 Table. Differential gene expression analysis between WT and Δcrt strains. The genes whose fold changes were >1.5 and p-values were <0.05 shown in RNA-Seq analysis were listed.
Supplemental Figure Legends
S2 Table. Primers used in this study.
